Introduction
The Canada Deuterium Uranium (CANDU) reactor has been widely used in many countries because of its advantages such as its low absorption cross section of heavy water and inexpensive fuel manufacturing cost [1] . The Advanced CANDU Reactor-700 (ACR-700) was proposed by Atomic Energy of Canada Limited (AECL) as a next-generation CANDU reactor [2] . The main changes of ACR-700 are reducing the fuel pitch, changing the coolant material from heavy water to light water, and changing the 37-element CANDU-6 fuel bundle to a 43-element CANFLEX fuel bundle, which is an advanced fuel bundle design developed by AECL along with Korean Atomic Energy Research Institute for use in CANDU design nuclear reactors [3] . The CANFLEX fuel bundle contains slightly enriched uranium in the outer rods and natural uranium with burnable poison in the central rod. The most significant improvement is that the lattice of ACR-700 has a negative coolant void reactivity (CVR), unlike the previous CANDU lattice. Models of the CANDU-6 and ACR-700 fuel lattices were constructed for a single bundle to understand the physics related to CVR. However, the fuel channels were connected in a CANDU core with two independent pressure heads in a checkerboard pattern. In addition, the coolants of adjacent channels flowed in opposite directions. Therefore, in the case of a pressure pump failure in a loss-of-coolant accident, the coolant within a CANDU core does not void uniformly in 1e2 seconds, owing to the remaining pressure head. In other words, there may be coolant void bundles adjacent to normal fuel bundles in a checkerboard pattern during an accident situation. In this study, a coolant void analysis of the ACR-700 fuel lattice is expanded to a checkerboard case to describe the real operation conditions.
In order to understand the physics issues related to the CVR of a CANDU reactor, a familiar four-factor formula was used to predict the specific contributions to reactivity changes [4e6] . The situation of coolant voiding should bring about a change of neutron behavior, so the neutron spectral changes and neutron current were also analyzed. The models of the CANDU-6 and ACR-700 fuel lattices were constructed using the Monte Carlo code MCNP6, and its neutronic analyses were performed with the F tally capability in MCNP6 [7] . ACR-700 was improved from the CANDU reactor by changing the fuel enrichment and the moderator to fuel volume ratio (fuel pitch), and by inserting a burnable neutron absorber in the central pin of the fuel lattice. The CANDU fuel lattice, which shows better behavior in terms of CVR, can be searched through sensitivity studies of each design parameter, such as fuel enrichment, fuel pitch, and types of burnable absorbers.
Section 2 describes the models of the CANDU-6 and ACR-700 fuel lattices in terms of configurations, materials, and temperature data, and also presents the CVR analysis of single fuel bundles based on the four-factor formula and neutron spectrum. Section 3 presents the CVR analysis of checkerboard voiding. Section 4 provides the optimized CANDU fuel bundle in terms of CVR through the sensitivity study of fuel enrichment, moderator to fuel volume ratio, and burnable absorber of the ACR-700 fuel bundle.
2.
CVR analysis of single fuel bundle CVR analysis was performed on two-dimensional CANDU-6 and ACR-700 fuel lattices with a reflective boundary condition.
Models of a single fuel bundle were constructed by MCNP6 using the ENDF/B-VII.0 continuous energy cross section library based on the specification from Atomic Energy of Canada Limited. The Monte Carlo simulation parameters were set to 500,000 histories per cycle with 400 active cycles and 100 inactive cycles, in order to keep the standard deviation of the multiplication factor smaller than 5 pcm. The four factors were calculated from the fission and absorption reaction rates, and they were computed using the F4 tally capability of MCNP6. The simulation was carried out for 0% voiding and instantaneous 100% voiding of the coolant.
Description of fuel lattice
There are 37 fuel elements of natural uranium in a CANDU-6 fuel bundle, and the material of coolant and moderator is heavy water. The lattice pitch of a CANDU-6 fuel bundle is 28.6 cm, and the moderator to fuel volume ratio is 16.4. The 43-element CANFLEX fuel bundle of ACR-700 contains natural uranium with a burnable poison in the center rod and slightly enriched uranium in the outer rods. The lattice pitch of a CANFLEX fuel bundle is 22.0 cm, and the moderator to fuel volume ratio is 7.1. The coolant material of ACR-700 has been changed from heavy water to light water. Fig. 1 illustrates the radial configurations of the two fuel lattices. Table 1 presents the model parameters of the CANDU-6 and ACR-700 fuel lattices for the simulations reported in this paper, such as material, density, geometrical, and temperature data. The figures of the fuel lattices were made using MCNPX visual editor [8] .
2.2.
Normalized neutron spectra Fig. 2 shows the normalized neutron spectra of a CANDU-6 fuel lattice at 0% and 100% coolant voiding. Since most neutron moderations occur within the sufficiently big moderator region of the calandria of the CANDU-6 reactor, the coolant voiding does not affect the amount of overall neutron moderation. However, the up-scattering effect, caused by the collisions of neutrons from the low-temperature moderator region with the high-temperature coolant molecules, decreases because of the reduction of the coolant density, and it Fig. 1 e Radial configurations of CANDU-6 and ACR-700 fuel lattices.
N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y x x x ( 2 0 1 6 ) 1 e1 1 results in a thermal spectrum shift to a lower energy region. In addition, the loss of coolant causes the reduction of highenergy neutron moderation in the fuel lattice and results in hardening of the high-energy spectrum. The coolant voiding of a CANDU-6 fuel lattice results in energy shifts for both the thermal and the fast parts of the neutron energy spectrum. After the coolant voiding, the thermal energy spectrum slightly shifts to a lower energy range, which has a larger fission cross section of 235 U and causes an increase in thermal fission. The fast spectrum shift to a harder energy range also causes an increase of fast fission of 238 U. Therefore, the reactivity effect of voiding is positive in the CANDU-6 lattice. Fig. 3 illustrates the normalized neutron spectra of an ACR-700 fuel lattice at 0% and 100% coolant voiding. In contrast to the spectral change of the CANDU-6 fuel lattice, there is a significant reduction of thermal flux on coolant voiding. The reduction of fuel lattice pitch and the increment of the slowing-down power of light water compared with that of heavy water lead to more neutron moderations in the coolant of the ACR-700 than in the CANDU-6 fuel lattice. Therefore, the reduction of thermal neutrons results in a negative reactivity change in the case of coolant voiding.
2.3.
Four-factor analysis of void reactivity components CVR is the difference in reactivities before and after coolant voiding. The reaction rates were calculated with the threegroup energy structure: thermal (0e0.625 eV), epithermal (from 0.625 eV to 0.821 MeV), and fast (0.821e20 MeV). The resonance escape probability is separated into epithermal and fast groups to clearly understand the physics of coolant voiding. The four factors include the fast fission factor (ε), resonance escape probabilities (p E and p F ), thermal utilization factor (f), and reproduction factor (h T ). Table 2 summarizes the specific contribution of each parameter to the total reactivity Fig. 2 e Neutron spectra of CANDU-6 fuel lattice at 0% and 100% coolant void. Fig. 3 e Neutron spectra of ACR-700 fuel lattice at 0% and 100% coolant void. N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y x x x ( 2 0 1 6 ) 1 e1 1 change for the two fuel lattices. The differences between the CVR components in this study and previous work [5, 6] are caused by the differences of simulation codes and neutron cross section libraries adopted. Through the work in this research, the results of CVR analysis for CANDU are updated with the latest neutronic simulation code. Reactivity contributions of each factor in the CANDU-6 fuel lattice are relatively small in magnitude, and the summation of all components becomes positive. The fast fission factor provides a positive reactivity contribution in the CANDU-6 fuel lattice because of the hardened spectrum in the fission spectrum energy range. The epithermal resonance escape probability also provides a positive reactivity contribution because of the redistribution of epithermal neutrons to the moderator region, thereby reducing the 238 U resonance absorption. The reduction of thermal neutron absorption by the coolant provides a positive effect on the thermal utilization factor, and the shift in the thermal spectrum to a range with a larger thermal fission cross section and a smaller macroscopic capture cross section results in the reproduction factor providing a positive reactivity contribution. By contrast, the fast resonance escape probability provides a negative contribution because the fast neutron shifts to the higher energy level and the down-scattering ability is decreased.
In contrast to the CANDU-6 lattice, the reactivity contributions of each factor in the ACR-700 lattice are large in magnitude, and the summation of all components becomes negative. The fast fission factor provides a positive reactivity contribution due to spectrum hardening. As the reduction of moderator to fuel volume ratio leads to insufficient neutron moderation in coolant voiding, the reactivity contribution is much larger in magnitude than that in the CANDU-6 lattice. The impact on the epithermal resonance escape probability is large and negative because of the reduced moderation in coolant voiding. Similar to the CANDU-6 lattice, the fast resonance escape probability provides a negative reactivity contribution. The thermal utilization factor provides a much larger positive contribution in the ACR-700 lattice than in CANDU-6 because the voiding of light water decreases neutron absorption in the coolant more than that of heavy water. The reduction of thermal flux and thermal fission results in the reproduction factor making a negative reactivity contribution.
CVR analysis of checkerboard voiding
As previously stated, it can be inferred that the ACR-700 lattice can be safer than the CANDU-6 lattice in accident situations such as coolant boiling because the ACR-700 lattice has a negative CVR. However, it should be noted that the coolant pumping system of a CANDU reactor operates like a checkerboard. In other words, the flows of coolant between adjacent fuel bundles are in opposite directions. Therefore, the accident situation of a single pump failure can cause checkerboard voiding in the ACR-700 lattice, instead of full voiding in the previous section.
Description of checkerboard model
Fig . 4 illustrates the radial configuration of the checkerboard coolant voiding situation of an ACR-700 fuel lattice. The twodimensional ACR-700 fuel lattice model was constructed to simulate the checkerboard coolant voiding. Each bundle was modeled as one-fourth of a bundle with symmetry in the center plane and with reflective boundary conditions. The geometry and material specifications of checkerboard voiding are the same as those of the ACR-700 single fuel lattice. Three-group neutron currents are calculated at the surface between the coolant 0% void bundle and 100% void bundle. The reaction rates for obtaining the four factors are also calculated for the coolant 0% void bundle and 100% void bundle.
Spectral and three-group neutron current analyses
Fig . 5 shows the spectrum changes of the center pin in no-void and 100% void channels in checkerboard voiding. The plots are normalized to a single fission source neutron in the 2 Â 2 checkerboard. It can be noted that the voided channel has higher fluxes than the no-void channel in both high and low energy ranges due to decreased neutron absorption by the loss of coolant in the voided channel. The voided channel shows a harder spectrum at high energy than the no-void channel, and a softer spectrum at low energy, which will be explained by the three-group current analysis below. The no-void channel also has slightly higher fluxes than the normal bundle due to the inflow of neutrons from the voided channel. Table 3 presents the three energy group surface currents normalized per fission source neutron of the 0% void ACR-700 bundle at normal and checkerboard coolant voiding conditions. It is noted that most neutron currents at surfaces consist of thermal and epithermal energy neutrons. As the ACR-700 lattice has a smaller moderator to fuel volume ratio than CANDU-6, fast neutrons are moderated insufficiently in the coolant voiding bundle. This results in an increase in the amount of fast and epithermal neutrons moving from the 
100% void to no-void channels and also in a reduction of the amount of thermal neutron current leaving the voided channel. Therefore, it increases the fast fission of 238 U in the voided channel, and at the same time, the thermal fission reaction at the 100% void bundle increases due to the increase in thermal neutrons from the 0% void bundle to the 100% void bundle. Overall, the checkerboard coolant voiding in the ACR-700 fuel lattice results in more fission reactions, which leads to a positive reactivity effect. Fig. 6 illustrates the neutron behaviors when checkerboard coolant voiding occurs. Fast and epithermal group neutrons in the 100% voided bundle move to the no-void bundle and are moderated to the thermal group in that channel. The thermal neutrons then come back to the voided channel. This new path for neutron moderation in checkerboard voiding is the main reason for a positive CVR, whereas it is negative in full voiding.
3.3.
Four-factor analysis of checkerboard coolant voiding Table 4 presents the void reactivity components of an ACR-700 fuel lattice in normal and checkerboard coolant voiding conditions. By comparing the variations of the specific contributions from single bundle voiding in Table 2 and checkerboard voiding in Table 4 , it should be noted that the epithermal resonance escape probability and the reproduction factor have a significant role in making a positive CVR in checkerboard coolant voiding, in contrast to single bundle voiding. As fast neutrons can be moderated in the 0% voided bundle in checkerboard voiding, the increment of epithermal and fast fluxes is smaller than that in single bundle coolant voiding. By reducing the resonance absorption, as the spectrum shifts to a range of smaller absorption cross sections, the epithermal resonance escape probability contributes less to reactivity in checkerboard voiding than to single bundle voiding. The reproduction factor also contributes less to reactivity in checkerboard voiding than that in single bundle voiding because the decrement of the thermal fission reaction rate in checkerboard voiding is smaller than that in single bundle voiding. Unlike the epithermal resonance escape probability and the reproduction factor, the fast fission factor, fast resonance escape probability, and thermal utilization factor make more negative reactivity contributions to checkerboard coolant voiding than to single bundle full voiding. As there is an additional path for moderation with checkerboard voiding, more fast neutrons can be moderated than in single bundle voiding, and as a result the fast fission factor contribute a smaller positive reactivity change. Contribution of the thermal utilization factor is positive as the fuel and moderator absorption reaction also decreases in checkerboard voiding. However, because the decrement of the moderator absorption reaction rate in checkerboard voiding is much smaller than that in single bundle voiding, the thermal utilization factor makes a smaller contribution to positive reactivity. In conclusion, checkerboard coolant voiding leads to a positive reactivity effect in contrast to single bundle coolant voiding. N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y x x x ( 2 0 1 6 ) 1 e1 1
4.
Sensitivity study of ACR-700 fuel lattice
As stated in previous sections, while the ACR-700 fuel lattice has a negative CVR in the case of single bundle coolant voiding, it has a positive CVR in checkerboard voiding. In order to make the CVR negative, even with checkerboard voiding, a CVR analysis was performed for design parameters such as fuel enrichment, lattice pitches, and types of burnable absorbers. A sensitivity study of enrichment was performed for the outer fuel rods, with enrichments of 0.72%, 2.10%, and 4.50%. Besides dysprosium, several burnable absorber materials, such as erbia (Er 2 O 3 ), gadolinia (Gd 2 O 3 ), and boron carbide (B 4 C), were tested for checkerboard voiding. Appendix 1 presents the detailed results of the sensitivity study on moderator to fuel volume ratio, fuel enrichment, and types of burnable absorbers for the CANDU-6 and ACR-700 fuel lattices.
4.1.
Sensitivity study of fuel enrichment and moderator to fuel volume ratio Fig. 7 shows the multiplication factors of the CANDU-6 and ACR-700 lattices as functions of the moderator to fuel volume ratio at hot zero power conditions. The yellow points represent the current CANDU-6 and ACR-700 fuel lattices. The black tangential lines on those yellow points represent the rate of reactivity changes due to variations of the moderator to fuel volume ratio, i.e., the steeper the slopes, the bigger the reactivity changes. It is apparent from the figure that the ACR-700 lattice is further undermoderated than CANDU-6, which makes the ACR-700 CVR negative in the full voiding case. Fig. 8 shows the multiplication factor versus moderator to fuel volume ratio behaviors of the ACR-700 fuel lattices with 0.72 wt%, 2.10 wt%, and 4.50 wt% 235 U-enriched UO 2 fuels. Yellow points in the figure represent the current cases with a lattice pitch of 22.0 cm. It should be noted that the slopes of tangential lines at those yellow points are bigger for higher enrichment. In other words, higher enrichment of fuel makes the lattice more undermoderated at the same moderator to fuel volume ratio. 
Sensitivity study of burnable neutron absorber
There is a burnable neutron absorber (7.5 wt% dysprosium) in the center fuel rod of the ACR-700 bundle to help the CVR become negative. A sensitivity study of the burnable absorber was carried out for different burnable absorber materials that have been used in Pressurized Water Reactors (PWRs) [9] . Gadolinia has been used in most PWRs due to the high Fig. 8 e Multiplication factor behaviors for various enrichments of 235 U. Fig. 7 e Multiplication factor as a function of moderator to fuel volume ratio. 
absorption cross section of gadolinium. Erbia is also used in PWRs because 167 Er has a unique thermal absorption resonance that results in improved control of moderator temperature coefficient. Boron carbide is presently one of the most widely used absorbing materials for control rods owing to its high neutron absorption capability, high melting point, very low radioactive waste, and ease of reprocessing, and the low cost of natural B 4 C. The simulation was performed by replacing dysprosium with different burnable absorber materials mixed into UO 2 . Fig. 10 shows the multiplication factor behaviors of fuel bundles with four burnable absorber materials. The yellow points in the figure indicate the points with the weight percent of each burnable absorber, which can make the initial excess reactivity the same as that using 7.5 wt% dysprosium. Note that boron carbide can achieve the same initial excess reactivity with the smallest weight percent of burnable absorber. Fig. 11 shows the CVR behaviors depending on burnable absorbers in single fuel bundle and checkerboard coolant voiding conditions. When the weight percentages of burnable absorbers are chosen such that the initial reactivities are the same as those using 7.5 wt% dysprosium, the fuel bundles with gadolinia, erbia, or boron carbide have negative CVRs with single bundle coolant voiding, but positive CVRs with checkerboard coolant voiding. It was found that the ACR-700 fuel bundle with boron carbide as the burnable absorber instead of dysprosium had a slightly negative CVR even with checkerboard voiding.
Conclusion
The CVR analyses of the CANDU-6 and ACR-700 fuel lattices were performed in single bundle coolant voiding and checkerboard voiding. The underlying physics of the CVR was explained by analyzing the spectral shifts and four-factor reactivity contributions. Upon single fuel bundle coolant voiding, the ACR-700 lattice has a negative CVR in contrast to the CANDU-6 lattice, because the ACR-700 lattice is undermoderated. Unlike single channel coolant voiding, the ACR-700 bundle has a positive reactivity change upon 2 Â 2 checkerboard coolant voiding. This is because the epithermal resonance escape probability and the reproduction factor provide smaller contributions to reactivity from reducing the resonance absorption, as the spectrum shifts to a range of smaller absorption cross sections and a smaller decrement of thermal fission reaction rate, with checkerboard voiding than with single bundle voiding. It was noted that neutrons from the voided channel move to the no-void channel, where they lose energy and come back to the voided channel as thermal neutrons. This phenomenon causes a positive CVR when checkerboard voiding occurs. A sensitivity study revealed the effects of the moderator to fuel volume ratio, fuel enrichment, and burnable absorber on the CVR. A fuel bundle with a low moderator to fuel volume ratio and high fuel enrichment can help achieve a negative CVR. Additionally, it was found that boron carbide, instead of dysprosium, can result in the fuel bundle having a negative CVR, even with checkerboard coolant voiding. Fig. 10 e Multiplication factor using various types of burnable absorbers. 
Appendix 1
In Section 4.1, the sensitivity study on moderator to fuel volume ratio and fuel enrichment was explained. The single bundle and checkerboard coolant void models of the CANDU-6 and ACR-700 lattices were simulated with various moderator to fuel volume ratios by changing the fuel pitch. Table A1 lists the multiplication factors of the CANDU-6 and ACR-700 fuel lattices with various moderator to fuel volume ratios. Table A1 . Multiplication factors of CANDU-6 and ACR-700 lattices for sensitivity study about moderator to fuel volume ratio. N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y x x x ( 2 0 1 6 ) 1 e1 1
The sensitivity study on fuel enrichment of the ACR-700 lattice was performed by changing the enrichment of 235 U in the outer three rings of fuel elements from 2.10 wt% to 0.72 wt% and 4.50 wt%. Table A2 lists the CVR results of the single bundle and checkerboard models of the ACR-700 lattice with various 235 U enrichments of the outer three rings of fuel elements.
In Section 4.2, the sensitivity study on the burnable absorber for the ACR-700 fuel lattice was performed to investigate the effects of the burnable absorber on the CVR. Originally, the central fuel pin in the ACR-700 lattice contains the 7.5 wt% dysprosium in natural uranium as burnable absorber. The sensitivity study was performed by mixing other burnable absorbers such as erbia, gadolinia, and boron carbide in natural uranium instead of dysprosium. The ACR-700 lattice was simulated with various weight percentages of burnable absorbers, and the multiplication factor results are listed in Table A3 . Table A3 . Multiplication factors of ACR-700 lattice for sensitivity study on types of burnable absorbers. N u c l e a r E n g i n e e r i n g a n d T e c h n o l o g y x x x ( 2 0 1 6 ) 1 e1 1
The specific amounts of burnable absorbers in the central pin of the ACR-700 lattice were determined by making the initial reactivity the same as that with 7.5wt% dysprosium. After that, the single bundle and checkerboard models were simulated; the CVR results are listed in Table A4 . 
